GPR151 is a G-protein coupled receptor for which the endogenous ligand remains unknown. In the nervous system of vertebrates, its expression is enriched in specific diencephalic structures, where the highest levels are observed in the habenular area. The habenula has been implicated in a range of different functions including behavioral flexibility, decision making, inhibitory control, and pain processing, which makes it a promising target for treating psychiatric and neurological disease. This study aimed to further characterize neurons expressing the Gpr151 gene, by tracing the afferent connectivity of this diencephalic cell population. Using pseudotyped rabies virus in a transgenic Gpr151-Cre mouse line, monosynaptic afferents of habenular and thalamic Gpr151-expressing neuronal populations could be visualized. The habenular and thalamic Gpr151 systems displayed both shared and distinct connectivity patterns. The habenular neurons primarily received input from basal forebrain structures, the bed nucleus of stria terminalis, the lateral preoptic area, the entopeduncular nucleus, and the lateral hypothalamic area. The Gpr151-expressing neurons in the paraventricular nucleus of the thalamus was primarily contacted by medial hypothalamic areas as well as the zona incerta and projected to specific forebrain areas such as the prelimbic cortex and the accumbens nucleus. Gpr151 mRNA was also detected at low levels in the lateral posterior thalamic nucleus which received input from areas associated with visual processing, including the superior colliculus, zona incerta, and the visual and retrosplenial cortices. Knowledge about the connectivity of Gpr151-expressing neurons will facilitate the interpretation of future functional studies of this receptor.
afferent connections arise in the lateral preoptic area, the entopeduncular nucleus and the lateral hypothalamic area, and to a minor extent in the lateral septal nucleus, the nucleus of the diagonal band, the prefrontal cortex, the median raphe, and the ventral tegmental area (Greatrex & Phillipson, 1982; Herkenham & Nauta, 1977; Vertes, Fortin, & Crane, 1999; Warden et al., 2012) . Fibers from the lateral habenular neurons travel in the outer layer of fasciculus retroflexus and terminate primarily in the hypothalamus, the ventral tegmental area, the rostromedial tegmental nucleus, the rhabdoid nucleus, the median and dorsal raphe nuclei, and the pontine central gray (Broms, Antolin-Fontes, Tingstr€ om, & Ibañez-Tallon, 2015; Quina et al., 2014) .
The habenula has been implicated in several apparently distinct brain functions, such as maternal behavior (Corodimas, Rosenblatt, & Morrell, 1992) , aggressive behavior (Chou et al., 2016; Golden et al., 2016) , social play (van Kerkhof, Damsteegt, Trezza, Voorn, & Vanderschuren, 2013) , drug seeking (Jhou et al., 2013) , noxious substance aversion (Donovick, Burright, & Zuromski, 1970; Fowler & Kenny, 2013) , decision making (Stopper & Floresco, 2013) , behavioral flexibility (Baker, Raynor, Francis, & Mizumori, 2016) , and pain modulation (Shelton, Becerra, & Borsook, 2012) . Subdivision of the habenular complex into smaller regions, defined by the expression of certain molecules or neuronal connectivity patterns, is a necessary strategy for deepening our understanding of its role in physiology and disease. This approach has been useful to target neuronal subpopulations and investigate their anatomical and functional features, especially in the medial habenula (Chou et al., 2016; Gardon et al., 2014; Hsu, Morton, Guy, Wang, & Turner, 2016; Hsu et al., 2014; Kobayashi et al., 2013) .
G-protein coupled receptor 151 (GPR151; also known as PGR7, GALR4, GPCR-2037, and galanin-receptor like) is an orphan receptor phylogenetically related to the galanin receptor family (Berthold, Collin, Sejlitz, Meister, & Lind, 2003; Ignatov, Hermans-Borgmeyer, & Schaller, 2004; Vassilatis et al., 2003) . In this work, we use capital letters to refer to GPR151 protein while the term Gpr151 is used for mRNA, promoter or gene. In a previous study using immunohistochemistry, we found that the protein expression of GPR151 was limited to habenular neurons targeting the interpeduncular nucleus, the rostromedial tegmental nucleus, the rhabdoid nucleus, the median raphe, the caudal dorsal raphe, and the dorsal tegmentum in rats and mice (Broms et al., 2015) .
The protein expression pattern was similar in zebrafish, with strong expression in habenular projections to the interpeduncular nucleus and ventral median raphe, and this distinct and phylogenetically conserved expression pattern suggests an important role of GPR151 in modulating habenular function.
Weak Gpr151 mRNA expression can also be detected in various thalamic areas such as the paraventricular, the reunions, the rhomboid, the central lateral, and the parafascicular nuclei (Ignatov et al., 2004; Lein et al., 2006; Wagner, French, & Veh, 2014) . Surprisingly, these structures display no or very weak immunohistochemical staining of GPR151 protein (Broms et al., 2015) . In a recent study, specific ablation of adult neurons exhibiting Gpr151 promoter activity resulted in several behavioral alterations, such as increased anxiety, inability to habituate to repeated exposure to a novel environment, increased impulsivity, impaired pre-pulse inhibition, and spatial memory deficits . Decision making was also affected, where lesioned mice preferred effortless and immediate small rewards over larger rewards that required the animals to either wait longer for the reward or to climb an obstacle. The observed behavioral changes were accompanied by structural and neurochemical remodeling of the habenulointerpeduncular system. The authors concluded that the Gpr151-expressing neurons may play an important role in inhibitory control and cognition-dependent executive functioning .
In addition to the expression in the above mentioned juxtaposed diencephalic brain regions of the brain, Gpr151 mRNA is also detected in certain sensory ganglia and cranial nerve nuclei (Ignatov et al., 2004) .
In the spinal nerve ligation model of chronic neuropathic pain and in a model of heat induced pain, the expression of Gpr151 mRNA was strongly upregulated in dorsal root ganglia (Reinhold et al., 2015; Yin, Deuis, Lewis, & Vetter, 2016) . Gpr151 mRNA expression is also increased in the facial nucleus of the brainstem in response to damage of the facial nerve (Gey et al., 2016) . These findings suggest that GPR151, besides having a possible role in modulation of habenulothalamic functions, might also be important for pain modulation in cranial and peripheral nerves. However, a recent study utilizing mice carrying a Gpr151 loss-of-function mutation could not confirm this hypothesis (Holmes et al., 2017) .
In a previous investigation (Broms et al., 2015) , we characterized the efferent connectivity of habenular neurons expressing the GPR151 protein using immunohistochemistry. The aim of the current study was to identify the afferent regions projecting to Gpr151-expressing neurons using monosynaptic pseudotyped rabies virus tracing, to gain further knowledge about this diencephalic neuronal subpopulation. Using pseudotyped rabies virus, Gpr151-expressing neurons can be targeted specifically, avoiding some of the problems associated with conventional tracers, such as uptake in fibers of passage and diffusion of tracer to neighboring structures (Watabe-Uchida, Zhu, Ogawa, Vamanrao, & Uchida, 2012; Wickersham et al., 2007) . A detailed anatomical characterization of the input and output of Gpr151-expressing neurons could facilitate future functional studies of this orphan receptor.
| MATERIALS A ND METHODS

| Nomenclature
In this article, we will primarily use the nomenclature and area delineations (Table 1) of Franklin and Paxinos (2008) . We use the nomenclature of Wagner, Stroh, and Veh, (2014) for the subnuclear organization of the habenula. The categorization of brain areas was done according to the hierarchy of the Allen Mouse Brain Atlas (Lein et al., 2006) .
| Animals
All procedures described in the current investigation been approved by the Malm€ o-Lund Ethical Committee for the use and care of laboratory animals (permit no. M37-16). The Tg(Gpr151-Cre)#Ito transgenic mouse line containing random insertion of bacterial artificial chromosome (BAC) clone MSMg01-81G4 was kindly provided by Dr. Itohara (Laboratory for Behavioral Genetics, RIKEN Brain Science Institute, Saitama, Japan) and maintained on a C57BL/6J background (RRID:IMSR_JAX:000664). To identify individual mice carrying the Cre recombinase allele, polymerase chain reaction genotyping was performed (Transnetyx, Cordova, TN) using the proprietary "CRE" probe set.
A total number of 46 adult (11-14 weeks old) mice was used in the experiment. Wild type litter mates (Cre-negative) were used as negative controls. The mice were housed in groups of two to six animals with free access to standard lab chow and water, in an air conditioned room at 22-238C with a standard 12-hr light/dark cycle (lights on 07:00 a.m., off 07:00 p.m.). The cages (1284L Eurostandard Type II L, Techniplast, Italy) were enriched with aspen wooden bedding and nesting material. RG allows budding of the viral particle and transsynaptic transport to afferent neurons. The rabies vector also carried the gene for enhanced green fluorescent protein (eGFP), allowing detection of infected neurons. We will hereafter refer to Cre-positive and TVA-mCherry/RGexpressing neurons that were infected by SADDG-eGFP(EnvA) as starter neurons. The eGFP-positive/TVA-mCherry-negative afferent neuronal populations lack expression of RG which prohibits further propagation of the rabies virus (Figure 1 ).
The three AAV vectors, AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and AAV8-hSyn1-FLEX-mCherry, were obtained from the UNC Vector Core (University of North Carolina at Chapel Hill, NC).
The FLEX-switch makes these three vectors Cre-dependent by allowing one stable Cre-mediated inversion of the reversed transgene sequence (Atasoy, Aponte, Su, & Sternson, 2008) . SADDG-eGFP(EnvA) was obtained from the Gene Transfer, Targeting and Therapeutics Core (GT3) at Salk Institute (La Jolla, CA) and from Dr. Meletis at Karolinska Institute (Stockholm, Sweden).
Gpr151-Cre mice (n 5 38) and wild type controls (n 5 5) were anesthetized with isoflurane (induction at 5% and maintenance at 1-2%) and placed in a stereotaxic frame. The scalp was locally anesthetized with bupivacaine (0.25%) and the skull exposed. After adjusting the skull to a horizontal position, a hole was drilled through the skull, exposing the brain surface. Using a thin glass pipette, 0.6 ml of a 1:1 mixture of AAV8-Ef1a-FLEX-TVA-mCherry (5.4 3 10 12 viral genomes/ ml) and AAV8-CA-FLEX-RG (2.4 3 10 12 viral genomes/ml) was injected unilaterally into the habenula at two different anterior- or 21.3, dorsoventral: 22.7 relative to Bregma). In three of the animals injected in the habenula, AAV8-CA-FLEX-RG was omitted to verify that eGFP expression in neurons outside the injected area is a result of transsynaptic transport of rabies virus particles rather than direct infection of afferent terminals. After the injection, the pipette was left in the brain for 4 min to minimize back flow of the vector into the needle tract. The skin was sutured with absorbable suture, and the mouse was kept on a heat pad until recovered from the anesthesia, before returned to its home cage.
After 21 days, the stereotaxic procedure was repeated in order to inject the animals with 0.5 ml of the SADDG-eGFP(EnvA) vector (1.65-3.0 3 10 7 transforming units/ml). Seven days after the last vector injection, the mice were deeply anesthetized with an overdose of sodium pentobarbital and transcardially perfused with isotonic sodium chloride solution (0.9%) followed by cold phosphate buffered saline (PBS; 0.1M sodium phosphate buffer with 0.15M sodium chloride) containing 4% paraformaldehyde for 8 min (100 ml per animal).
| Immunohistochemistry
The brains were dissected and postfixed in 4% paraformaldehyde for 18 hr at 48C. After post-fixation, the brains were immersed in sucrose Immunohistochemistry was performed on free floating brain sections as described previously (Broms et al., 2015) . For light microscopy detection, biotinylated secondary antibodies were used. After washing in PBS, the sections were incubated with avidin-biotin-peroxidase complex (diluted 1:125 in PBS) (VECTASTAIN Elite ABC Kit, Vector Laboratories, Burlingame, CA) and developed using 3,3'-diaminobenzidine (DAB, 0.5 mg/ml) with nickel chloride (0.5 mg/ ml). Following the DAB reaction, sections were mounted, dehydrated in increasing concentrations of ethanol followed by xylene and finally coverslipped with p-xylene-bis-pyridinium bromide (DPX) (Fisher Scientific, Pittsburgh, PA). Low resolution micrographs were acquired using a slide scanner (PathScan Enabler 5, Meyer Instruments Inc., Houston, TX). Gpr151-knockout mice, the immunoreactivity was completely abolished, further proving the specificity of the antibody (Broms et al., 2015) . In the present experiment, a working concentration of 0.125 mg/ml was used. ethanol for 2 min each, the sections were incubated with Protease IV solution for 30 min at 408C in a humidified tray. After washing in distilled water for 2 min, the sections were then hybridized with Gpr151 target probe for 2 hr at 408C followed by amplification solutions 1 (30 min), 2 (15 min), 3 (30 min), and 4 (15 min) at 408C. Between each amplification step, the sections were rinsed in 1x Wash Buffer for 2 min at room temperature. Finally, the sections were counterstained with 4',6-Diamidine-2'-phenylindole dihydrochloride (DAPI) for 30 s and coverslipped in PVA-DABCO. The fluorochrome used for detection in this system was Alexa488. Images were acquired using a Nikon
| Antibody characterization
Eclipse Ti confocal microscope with NIS-Elements software.
| R E S U L T S
3.1 | GPR151 protein and mRNA detected in Cre-expressing neurons
As previously reported, immunofluorescent GPR151 staining was pronounced in habenular axonal projections, while often barely above background level in the neuronal somata (Broms et al., 2015) . To better visualize cell bodies with expression of Cre, we injected Gpr151-Cre Next, we performed fluorescent in situ hybridization using a RNAscope ® probe targeting mouse Gpr151 mRNA on brain sections of mice that had been injected with AAV8-hSyn1-FLEX-mCherry into the habenula. In Figure 3 , expression of Gpr151 mRNA in mCherryexpressing neurons is seen in neurons located in the habenula, paraventricular thalamic nucleus and the lateral posterior thalamic nucleus.
The strongest Gpr151 mRNA expression was observed in medial and lateral habenula, compared to much weaker expression in the paraventricular thalamic nucleus while only a very faint expression was observed in neurons of the lateral posterior thalamic nucleus. In the habenula ( Figure 3e ) and the paraventricular thalamic nucleus, mCherry colocalized with the Gpr151 mRNA signal. In the lateral posterior were observed in the ventral medial habenula, the lateral habenula (excluding the oval subnucleus of the lateral division of lateral habenula), the lateroposterior, and paraventricular thalamic nuclei (b, c; 21.94 mm posterior to Bregma). Fibers expressing mCherry and GPR151 protein (green) exited the habenula through the fasciculus retroflexus (a-i; 22.30 mm posterior to Bregma), where colocalization between mCherry and GPR151 was observed (arrows; g-i). Scale bar (a-f) 5 100 mm, (g-i) 5 20 mm thalamic nucleus, Gpr151 was undetectable in some mCherry-positive neurons ( Figure 3d ). This finding is further considered in the discussion.
Using a crossing between Gpr151-Cre mice and two different ß-galactosidase reporter strains, Kobayashi et al. (2013) identified Creexpressing cells in the medial and lateral habenula, paraventricular thalamic nucleus and the reuniens thalamic nucleus. This expression pattern largely agrees with our findings, except that more Cre-expressing cells were detected in the laterodorsal and lateral posterior thalamic nucleus in the current investigation. Given that Gpr151 mRNA expression is accentuated in the habenula and paraventricular thalamic nucleus (Ignatov et al., 2004; Lein et al., 2006) , no viral injections targeting the reuniens thalamic nucleus were performed in the current investigation.
| Monosynaptic tracing of afferents to Cre-expressing neurons
Using the Cre-dependent rabies virus tracing system, Gpr151-Cre starter neurons were labeled with TVA-mCherry and eGFP, while monosynaptic afferents to these starter neurons were labeled with eGFP only. Not all TVA-mCherry-expressing neurons coexpressed eGFP. This may be explained by different transduction efficiency of the AAV and rabies vectors or that the vectors were injected at slightly different locations due to the margin of error of the stereotaxic technique.
The injections targeted one of three areas, the habenula, the paraventricular thalamic nucleus, or the lateral posterior thalamic nucleus. The starter neurons at the injection sites and the resulting eGFP expression in afferent structures are summarized in Tables 2 and 3. In wild type animals, occasional neurons expressing mCherry and eGFP could be observed close to the injection tract in the habenula, which implies minor local Cre-independent expression (Figure 4j-l; Table 2 ). However, no eGFP1 neurons were detected outside of the injected area, so the analysis of eGFP1 neurons far from the injected site is not impacted.
SADDG-(EnvA) is capable of infecting neurons with minute expression of TVA (Callaway & Luo, 2015) . Since it has been shown that trace amounts of TVA-expression can result from retrograde transport of AAV-TVA (Menegas et al., 2015) , it is important to confirm that the starter neu- Table 2 ). This confirms that any eGFP1 neurons found outside of the injected area result from RG-dependent transsynaptic transport of rabies virus.
| Afferents to Gpr151-Cre neurons in the habenula
Seven cases with good quality injections targeting the habenula were considered for further analysis (Figure 4a-f ; Table 2 ). In all cases, a majority of starter neurons were detected in the habenula, although a varying degree of spread to neighboring thalamic structures, such as the paraventricular thalamic nucleus and the lateral posterior thalamic nucleus was also observed.
Very few eGFP1 neurons were detected in the cerebral cortex ( Figure 6 ; Table 3 ). Occasional eGFP1 neurons were observed in medial prefrontal areas, most notably bilaterally in the prelimbic and infralimbic cortices.
Several structures in the pallidum contained large numbers of eGFP1 neurons (Table 3) . Moderate numbers of eGFP1 neurons were detected in the medial (Figure 7a ) and triangular septum (Figure 7d ).
The nucleus of the diagonal band contained many eGFP1 neurons, both in the vertical and horizontal limb (Figure 7a ). Moderate numbers of eGFP1 neurons were also observed in the bed nucleus of the anterior commissure (Figure 7d ). The bed nucleus of the stria terminalis contained great numbers of eGFP1 neurons, especially in case M17
( Figure 7c ). In two cases (M18 and M104), a dense network of eGFP1 neurons was seen in the entopeduncular nucleus (Figure 7e,f) . Interestingly, these specific cases were distinguished by a large number of starter neurons in lateral division of the lateral habenula as well as spread into the lateral posterior thalamic nucleus.
The hypothalamus was another major source of input to the Gpr151-Cre neurons of the habenula (Table 3) . A continuous group of eGFP-expressing neurons stretching from the lateral preoptic area to the peduncular part of the lateral hypothalamus was observed in all cases ( Figures 6 and 7b ,e,f). Scattered neurons were also observed in several medial hypothalamic nuclei (Table 3 ). In two cases (M18 and M104), the same animals which displayed eGFP1 neurons in the entopeduncular nucleus, eGFP1 neurons could also be observed in the zona incerta.
Because undetectable expression of TVA-mCherry may be sufficient to allow entry of the rabies vector (Callaway & Luo, 2015) , it Abbreviations of mouse brain regions according to Franklin and Paxinos (2008) and Wagner, Stroh, et al. (2014) . cannot be ruled out that eGFP1 neurons close to the injected area that appear to lack mCherry are indeed afferent neurons and not starter neurons. Because of the proximity of the injection target area to some Gpr151-expressing thalamic nuclei, it makes interpretation of eGFP1 neurons in these areas uncertain. Scattered eGFP1 neurons were detected in the pregeniculate, dorsolateral geniculate, and medial geniculate nuclei which are far from the injected area.
The parafascicular thalamic nucleus and the precommissural nucleus also contained a small number of eGFP1 neurons, along with occasional starter neurons. Occasionally, eGFP1 neurons were visible in the medial or lateral habenula contralateral to the injected side which suggests minor contribution from an intrahabenular projection.
In the midbrain, scattered eGFP1 neurons were observed in the pretectal area, superior colliculus, and the periaqueductal gray. A few eGFP1 cells could also be detected in the interpeduncular nucleus, which is the projection target of neurons in the medial habenula. This implies a reciprocal connection between the habenular complex and the interpeduncular nucleus. EGFP1 neurons were also observed in many monoaminergic midbrain areas such as the ventral tegmental area (primarily the interfascicular nucleus), rostral linear nucleus, median, and dorsal raphe nuclei.
Very few eGFP1 neurons were detected in hindbrain areas, including the laterodorsal tegmental nucleus, pontine reticular nucleus, and raphe magnus nucleus.
| Afferents to Gpr151-Cre neurons in the paraventricular thalamic nucleus
Five animals where starter neurons could be observed in the paraventricular thalamic nucleus (Table 2) were further analyzed regarding afferents (Figures 8 and 9 ; Table 3 ). The starter neuron population was entirely restricted to the target area except for one case (M113) where a few cells were also observed in the anterior division of the lateral habenula.
Cortical afferents were restricted to frontal cortical areas such as the prelimbic, infralimbic, and agranular insular cortices. In two cases (M113 and M121), a few eGFP1 neurons could also be observed in the claustrum.
The distribution of eGFP1 neurons in the pallidum was remarkably similar to that of the afferents to the habenular Gpr151-Cre population (Table 3 ). The nucleus of the diagonal band, bed nucleus of stria terminalis, and the ventral pallidum contained many eGFP1 neurons. No eGFP1 neurons were observed in the medial septal nucleus or the Semiquantitative estimate of neurons coexpressing TVA-mCherry and eGFP (starter neurons) in target areas and neighboring structures. Each area was graded from 1 to 11111 depending on the number of mCherry/eGFP coexpressing cells observed.
|
The Journal of Comparative Neurology Locations of primary afferents to Gpr151-Cre neurons. In the striatum, moderate numbers of eGFP1 neurons were detected in the accumbens nucleus, caudate putamen, and the lateral septum.
The main source of input to the paraventricular thalamic Gpr151-Cre population was the hypothalamus (Table 3) . Similarly to the habenular Gpr151-Cre population, eGFP1 neurons could be detected in the lateral preoptic area and the peduncular part of the lateral hypothalamus (Figure 9e ). Great numbers of eGFP1 neurons were also seen in the medial preoptic area, and to a lesser extent the median preoptic area (Figure 9b ). Medial hypothalamic areas such as the anterior, ventromedial, dorsomedial, arcuate, paraventricular, and periventricular hypothalamic nuclei also contained many eGFP1 neurons (Figure 9b,d, e,f). Some afferent neurons were also seen in the retrochiasmatic (Figure 9d) and suprachiasmatic nuclei. The strongest projection arose from a cluster of cells in the rostral part of the zona incerta (Figure 9c ). Some eGFP1 neurons were also detected in thalamic areas such as the parafascicular and mediodorsal thalamic nuclei. In the midbrain, there were also a small number of eGFP1 neurons in the periaqueductal gray and the mesencephalic reticular formation.
| Efferent projections of the Cre-expressing population in the paraventricular thalamic nucleus
Since the paraventricular thalamic Gpr151-Cre population could be targeted specifically without spread into other Gpr151-expressing populations, we decided to also analyze the efferent connectivity of this population. Immunohistochemistry using mCherry antiserum was performed to visualize the efferent projections of the TVA-mCherryexpressing neurons (Figure 10) . The cell bodies of these neurons were confined to the paraventricular nucleus, while dense fields of mCherryimmunoreactivity could be observed in the prelimbic area, the shell and core regions of accumbens nucleus, the basolateral amygdala, and the zona incerta. It should be noted that while no GPR151 protein could be detected by immunohistochemistry in any of these areas (Broms et al., 2015) , Gpr151 mRNA was observed in the paraventricular thalamic nucleus in the current study (Figure 3c ) and has also been reported previously (Ignatov et al., 2004; Wagner, French, et al., 2014 ).
| Afferents to Gpr151-Cre neurons in the lateral posterior thalamic nucleus
Four animals with injections targeting the lateral posterior thalamic nucleus were analyzed (Figure 11 ; Table 3 ). Large quantities of starter neurons were observed in a group of neurons in the lateral dorsal and lateral posterior thalamic nuclei. In two cases, the labeled population also extended into the posterior thalamic group (M114 and M119).
Unfortunately, all cases also contained a varying number of starter neurons in the habenula which impose a limit on the analysis of the afferents to the lateral thalamic group. Some striking differences between the cases targeting the lateral posterior thalamic Gpr151-Cre population and the habenular Gpr151-Cre population could nonetheless be observed. The cingulate cortical area 1 and area 2, as well as the prelimbic cortex, contained many eGFP1 neurons in animals with starter neurons in the lateral posterior thalamic nucleus, but were completely devoid of eGFP1 cells when the injections were restricted to the habenula. Similarly, other cortical areas such as the retrosplenial dysgranular cortex as well as the primary and secondary visual cortex and primary and secondary somatosensory cortex, only contained eGFP1 neurons in cases with lateral posterior thalamic starter neurons.
FIG URE 5
Omission of RG limits eGFP expression to the injected area. Coronal brain sections from 1.34 to 24.84 mm relative to Bregma of a Gpr151-Cre mouse (case M118) in which AAV8-Ef1a-FLEX-TVA-mCherry and SADDG-eGFP(EnvA) was injected unilaterally in the habenula. Since AAV8-CA-FLEX-RG was omitted, transsynaptic transport of the rabies vector is inhibited. Although many eGFP positive (green) neurons could be seen in various nuclei in the targeted area (medial and lateral habenula, lateral posterior thalamic nucleus, parafascicular thalamic nucleus, paraventricular thalamic nucleus, and precommissural nucleus), no eGFP expressing neurons were detected elsewhere in the brain. Scale bar 5 1000 mm Similar to what was observed when the habenula was targeted, many eGFP1 neurons could be observed in the bed nucleus of the anterior commissure, nucleus of the diagonal band, ventral pallidum, bed nucleus of stria terminalis, lateral preoptic area, lateral hypothalamic area, and the entopeduncular nucleus. The caudate putamen also contained eGFP1 positive neurons in contrast to habenula-targeting injections. Large number of eGFP1 neurons was observed in the zona incerta, mainly in the caudal part.
In the thalamus, dense populations of eGFP1 neurons were observed in pregeniculate, dorsolateral geniculate, and medial geniculate nuclei as well as the reticulate and paraventricular thalamic nuclei.
In the midbrain, great numbers of eGFP1 neurons were detected in the superior colliculus as well as in the pretectal region. In the hindbrain, only a few eGFP1 neurons were detected in the laterodorsal tegmental nucleus.
| DISCUSSION
In this study, monosynaptic tracing using pseudotyped rabies virus was used to identify primary afferents to populations of Gpr151-Cre neurons in the mouse diencephalon.
In the medial habenula, TVA-mCherry1/eGFP1 starter neurons were observed in the ventral part of the medial habenula (Table 2 ).
This distribution is consistent with the pattern of Gpr151 mRNA and protein expression (Figures 2 and 3) . Several nuclei in the pallidum, including the triangular septal nucleus, septofimbrial nucleus, bed nucleus of the anterior commissure, medial septal nucleus, and the nucleus of the diagonal band have previously been identified as afferents to the medial habenula (Herkenham & Nauta, 1977; Qin & Luo, 2009; Yamaguchi, Danjo, Pastan, Hikida, & Nakanishi, 2013) . All of these areas contained eGFP1 neurons in cases where starter neurons were found in the medial habenula, although the most prominent and consistent projection appeared to arise in the nucleus of the diagonal band and the medial septal nucleus. This projection is reported to be GABAergic (Contestabile & Fonnum, 1983; Qin & Luo, 2009 ), although we did not test whether the neurons that project onto Gpr151-expressing cells have this phenotype.
In the lateral habenula, Cre expression could be detected in all subnuclei except for the oval subnucleus of the lateral division (Figures 2   and 3 ; Table 2 ). Afferent neurons were observed in many areas ( Figure   7 ; Table 3 ) that have previously been reported to contain afferents to the lateral habenula, including the nucleus of the diagonal band, bed   FIG URE 6 Afferents of habenular Gpr151-Cre neurons. Coronal brain sections from 1.98 to 24.96 mm relative to Bregma of a Gpr151-Cre mouse (case M80) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG and SADDG-eGFP(EnvA) was injected unilaterally in the habenula. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were almost exlusively located in the medial and lateral habenula. EGFP positive neurons (green) were found throughout the brain, most notably in the medial septal nucleus, nucleus of the diagonal band, lateral preoptic area, and the lateral hypothalamus (peduncular part). Scale bar 5 1000 mm nucleus of stria terminalis, ventral pallidum, lateral preoptic area, lateral hypothalamic area and entopeduncular nucleus and the median raphe nucleus (Dong & Swanson, 2004; Herkenham & Nauta, 1977; Wallace et al., 2017) .
In a recent study, the nucleus of the diagonal band was shown to provide a possible source of input to the lateral habenula, which allowed the habenular neurons to phase lock with hippocampal theta oscillations during anesthesia and rapid-eye-movement (REM) sleep (Aizawa et al., 2013) . Lesions of the lateral habenula and the fasciculus retroflexus reduce theta power in the hippocampus and substantially decrease REM sleep duration, while non-REM sleep remains unaffected (Aizawa et al., 2013; Valjakka et al., 1998) . Since Gpr151-Cre neurons receive input from the nucleus of the diagonal band and in turn project to the interpeduncular nucleus and median raphe, structures that has been implicated in theta oscillations and REM sleep (Funato et al., 2010; Vertes, Kinney, Kocsis, & Fortin, 1994) , it is possible that this neuronal population (or a subset of it) plays a role in controlling these functions.
A fruitful approach for determining the valence of experiencing activation or inhibition of specific neurons is by optogenetic stimulation, FIG URE 7 Main afferent neuronal populations of the habenular Gpr151-Cre starter neurons. Coronal sections showing eGFP-expressing afferent neurons (green cell bodies and fibers) in the medial septal nucleus and the nucleus of the diagonal band (a; case M17), the lateral and medial preoptic area (b; case M18), the bed nucleus of stria terminalis and the paraventricular thalamic nucleus (c; case M17), the triangular nucleus of the septum and the bed nucleus of the anterior commissure (d; case M17), the entopeduncular nucleus and the lateral hypothalamus (e, f; case M18). Scale bar 5 100 mm combined with the real-time place preference test. In this test, the animals may freely choose to enter or avoid an area where the laser light is activated. It has been shown that activation of projections from the lateral hypothalamic area and entopeduncular nucleus to the lateral habenula is aversive, that is, the animals avoid stimulation (Shabel, Proulx, Trias, Murphy, & Malinow, 2012; Stamatakis et al., 2016) . In line with this finding, inhibition of the projection from the lateral hypothalamic area to the lateral habenula using an inhibitory light-sensitive chloride channel, or activation of inhibitory afferents from the ventral tegmental area, was appetitive (Stamatakis et al., 2013) . Stimulation of lateral habenular efferents to the rostromedial tegmental nucleus also produced an aversive response (Stamatakis & Stuber, 2012) . It was recently demonstrated that activation of a projection from the paraventricular thalamic nucleus to accumbens nucleus evoked the similar avoidance behavior (Zhu, Wienecke, Nachtrab, & Chen, 2016) . Given that the aforementioned projections were observed in our study, it is tempting to speculate that modulation of GPR151-expressing neurons could alter the affective component of an experience.
Indeed, selective ablation of Gpr151-Cre neurons resulted in increased anxiety in the elevated plus maze and open field tests .
Two distinct populations of entopeduncular neurons project to the lateral habenula (Wallace et al., 2017) . Glutamatergic parvalbuminexpressing neurons preferentially targets the oval subnucleus of the lateral division of the lateral habenula, while a GABA/glutamate coreleasing somatostatin-expressing population display a more distributed terminal pattern within the lateral habenula. Given that no Gpr151-Cre was observed in the oval subnucleus, the entopeduncular afferents may belong to this population of somatostatin-expressing neurons.
| Similarities and differences between habenular and thalamic Gpr151-Cre populations
It is clear from the efferent connectivity pattern that Gpr151-Cre neurons of the habenula and the paraventricular thalamic nucleus are distinct populations. The Gpr151-Cre neurons in paraventricular nucleus FIG URE 8 Afferents of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal brain sections from 1.98 to 24.84 mm relative to Bregma of a Gpr151-Cre mouse (case M113) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADDG-eGFP(EnvA) was injected into the anterior part of the paraventricular thalamic nucleus. Afferent eGFP expressing neurons (green) were found in great numbers in the zona incerta, medial preoptic area, medial and lateral hypothalamus and to a minor extent in the prelimbic cortex, accumbens nucleus, lateral preoptic area, bed nucleus of stria terminalis, and periaqueductal gray. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were located in the paraventricular thalamic nucleus. Scale bar 5 1000 mm FIG URE 9 Main afferent neuronal populations of Gpr151-Cre starter neurons in the paraventricular thalamic nucleus. Coronal sections (case M113) showing eGFP-expressing afferent neurons (green cell bodies and fibers) in the prelimbic cortex (a, left hemisphere), the septohypothalamic nucleus (b), the median preoptic nucleus (b), the periventricular hypothalamic nucleus (b, d), the medial preoptic area (b), the zona incerta (c, right hemisphere), the anterior hypothalamic area (d), the retrochiasmatic area (d), the peduncular part of lateral hypothalamus (e, right hemisphere), the ventromedial hypothalamic nucleus (e, right hemisphere), and the arcuate hypothalamic nucleus (f). Scale bar 5 100 mm FIG URE 10 Efferent projections of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal sections of a Gpr151-Cre mouse injected with AAV8-hSyn1-FLEX-mCherry in the paraventricular nucleus of the thalamus (case M74) showing 3,3'-diaminobenzidine enhanced mCherry immunostaining in cell bodies in the injected area and in efferent projections to the zona incerta (a), the prelimbic area (b), the shell and core of accumbens nucleus (c), and the basolateral amygdala (d). Scale bar 5 1000 mm project to the accumbens nucleus, zona incerta, basolateral amygdala, and prelimbic area, a pattern that is distinct from the mesencephalic projection of the habenular GPR151-expressing neurons (Figure 10 ; Broms et al., 2015) . On the other hand, many similarities in afferent connectivity could be noted between the habenular and paraventricular thalamic Gpr151-Cre populations. Both populations were targeted by neurons in the bed nucleus of stria terminalis, ventral pallidum, nucleus of the diagonal band, lateral preoptic area, and lateral hypothalamic area. However, some striking differences in afferent connectivity were observed. The zona incerta produced a heavy projection onto paraventricular thalamic Gpr151-Cre neurons, while habenular afferents from this area were sparse.
The same held true for the medial preoptic area. In contrast to the habenular population, afferents to the paraventricular thalamic population could not be detected in the bed nucleus of the anterior commissure, entopeduncular nucleus, or in the triangular septum.
The paraventricular nucleus has been implicated in food and drug reward seeking (reviewed in Matzeu, Zamora-Martinez, & MartinFardon, 2014) . In a recent study, it was demonstrated that inhibition of a projection from the paraventricular nucleus to the accumbens nucleus ameliorates symptoms of opiate withdrawal (Zhu et al., 2016) . The lateral habenula has been implicated in cocaine-induced avoidance behavior (Jhou et al., 2013) and the medial habenula contributes to nicotine aversion (Fowler, Lu, Johnson, Marks, & Kenny, 2011) . It is therefore an interesting possibility that, despite differences in connectivity patterns, the diencephalic GPR151-expressing neurons could be functionally related by involvement in the modulation of drug seeking behavior.
FIG URE 11
Afferents of Gpr151-Cre neurons in lateral thalamic nuclei. Coronal brain sections from 1.98 to 25.02 mm relative to Bregma of a Gpr151-Cre mouse (case M119) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADDG-eGFP(EnvA) was injected into the lateral posterior thalamic nucleus. Starter neurons expressing both mCherry and eGFP (outlined in magenta) were not restricted to the target area, but were also found in the laterodorsal thalamic nucleus, central lateral thalamic nucleus, parafascicular thalamic nucleus, posterior thalamic group, lateral habenula, precommissural nucleus, and medial pretectal nucleus. Afferent eGFP expressing neurons (green) were detected in many areas throughout the brain including the cingulate and prelimbic cortices, bed nucleus of stria terminalis, ventral pallidum, reticular thalamic nucleus, lateral preoptic area, lateral hypothalamic area, zona incerta, and superior colliculus. Scale bar 5 1000 mm 4.2 | Afferent connectivity of the lateral thalamic Gpr151-Cre population, involvement in visual processing?
Many neurons in the lateral posterior nucleus, lateral dorsal nucleus, and posterior group of the thalamus displayed Cre recombinase activity (Table 2 ; Figure 4m-o) . In animals where the viral vector injections were targeted on the lateral posterior nucleus, there was always some degree of spread in to the habenula. This precludes clear conclusions to be drawn from these experiments. However, some characteristics of the eGFP1 neuronal distribution nonetheless provide clues regarding the connectivity and function of this thalamic population. Compared to the afferents of the habenular Gpr151-Cre neurons, a large number of afferents to lateral thalamic Gpr151-Cre neurons were detected in prefrontal cortical areas (primarily the cingulate cortex), the visual cortex, the caudate putamen, the reticular nucleus, and most notably in the zona incerta and the superior colliculus ( Figure 11 ; Table 3 ).
Several studies have previously implicated the lateral posterior thalamic nucleus, the superior colliculus, and the zona incerta in visual information processing (Benevento & Fallon, 1975; Gale & Murphy, 2014; Krauzlis, Lovejoy, & Z enon, 2013; Legg, 1979; Power, Leamey, & Mitrofanis, 2001 ). Interestingly, it has been demonstrated that the lateral posterior thalamic nucleus contains multimodal neurons that are sensitive to both pain and light (Noseda et al., 2010) . To clarify if GPR151 is involved in the processing of visual or somatosensory information will require further investigation.
| Cre-independent expression of viral constructs
In wild type mice injected with Cre-dependent viral vectors, we occasionally saw TVA-mCherry and eGFP expression in the vicinity of the injection tract. This finding suggests that there is a certain degree of leakiness in the FLEX switch, but that this ectopic expression of TVAmCherry (and presumably also RG) is not strong enough to enable transsynaptic transport of rabies virus particles. This problem has also been noted by other researchers using the same pseudotyped rabies tracing system (Callaway & Luo, 2015; Pollak Dorocic et al., 2014) . In Cre-expressing animals, neurons that are TVA-mCherry-positive/eGFPpositive as a result of leakiness are impossible to distinguish from true starter neurons. We can therefore not conclude that all TVA-mCherrypositive/eGFP-positive neurons in the vicinity of the injection tract are actual starter neurons. Nevertheless, since no neurons were observed outside of the injected area in wild type mice, the Cre-independent expression does not affect the validity of the analysis of long-range projections.
| Different sensitivity of the methods used for Gpr151 detection
There are notable differences in expression pattern of GPR151 protein, Gpr151 mRNA, and Gpr151 promoter activity. Immunohistochemistry reveals strong GPR151 protein expression in habenular projections (Broms et al., 2015) . In situ hybridization detects Gpr151 mRNA in the habenula, but also in certain thalamic areas (Figure 3 ; Berthold et al., 2003; Ignatov et al., 2004; Lein et al., 2006; Vassilatis et al., 2003) . The expression of Cre-dependent reporters found in the current study largely corresponds to the mRNA distribution. One exception is the lateral posterior thalamic nuclei, in which only very few neurons expressing Gpr151 mRNA has been detected using in situ hybridization (Figure   3c,d ; Lein et al., 2006) , but ample Cre-dependent mCherry expression was seen in the current study (Figures 2, 3, and 4m-o) . A possible explanation for this discrepancy is that there is a difference in the sensitivity of the different detection methods. The constructs for the viral reporter employ strong promoters and enhancer sequences (woodchuck hepatitis virus posttranscriptional regulatory element) for improved expression, elements that the endogenous Gpr151 gene is lacking. Furthermore, the reporter constructs are permanently activated by Cre recombination, meaning that even a transient surge in Cre expression will result in persistent tagging of that neuron. As long as a no specific GPR151 agonists or antagonists are available, there is no gold standard for assessing functional GPR151 expression. In the future when such substances have possibly been discovered, the Creexpressing populations described in this study should be examined electrophysiologically, in order to verify that GPR151 is expressed at physiologically relevant levels.
| Caveats of using BAC transgenic Cre mice
Gpr151 mRNA and protein could be detected in many, but not all, neurons that exhibited Cre recombinase activity. One possibility is that Cre mediated activation of the reporter construct can occur even at low or transient Gpr151 promoter activation. This would result in persistent reporter expression, while GPR151 protein and Gpr151 mRNA would remain undetectable. Although the Gpr151-Cre BAC construct is large (108 kbp) and should contain most of the regulatory elements of the endogenous Gpr151 gene, we cannot rule out that the BAC transgenic approach used in this study suffers from ectopic Cre expression independent of the Gpr151 promoter. This could be the result of inserting the BAC transgene into the vicinity of a strong promoter or enhancer (Liu, 2013) . Ectopic expression could also arise if the endogenous Gpr151 promoter is epigenetically silenced, while the Gpr151 promoter of the BAC construct remains active. In future studies, knock-in animals targeting the endogenous Gpr151 gene could be used to minimize the risk of ectopic Cre expression.
| C O NC LU S I O N
Here, we present a map of the afferent connectivity of a diencephalic neuronal population defined by Gpr151 expression. The connectivity of thalamic versus habenular Gpr151-expressing neurons differed substantially, indicating a neuroanatomical heterogeneity within the Gpr151-system. In depth knowledge of the connectivity of this, neuronal population will facilitate the design of investigations regarding the function of GPR151 as well as the interpretation of the effects of pharmacological modulators of this system.
